E xperim ents on lep to n a n d b ary o n stab ility a n d oscillation p h en o m en a B y E. F io r in i
L epton and baryon num bers were never considered as sacred by experim entalist, an d searches to reveal their violation have been done for alm ost fifty years (W einberg 1981s, T h eir non-conservation has been, on the other hand, suggested on cosmological or astrophysical bases, for instance to explain the baryon and an tib ary o n asym m etry o f the U niverse (Sakharov 1967; Steigm an 1981) , or the failure to detect a sufficient rate o f events produced by solar neutrinos (G ribov & Pontecorvo 1969) . R ecently, however, a m uch larger experim ental effort on these subjects has been stim ulated by m odern gauge theories w hich, even w ithout g ran d unification (W einberg 1980) , im ply lepton-and baryon-num ber violation. These theories have been reviewed recently by m any authors (G oldm ann & Ross 1979; M achacek 1979; G aillard 1979; W ilczek 1979; W einberg 1979; W einberg 1980; L angaker 1980; N anopoulos 1980; Pati 1980; Ellis 1980; Giorgi & Glashow 1981; Prim akoff & Rosen 1981; Glashow 1981) L et me ju st point out, as an experim entalist, th a t we should look for lepton and baryon stability w ith an open m ind. It is therefore fortunate th a t present experim ents aim to detect a variety of violations: not only of the total lepton num ber b u t also of the individual lepton flavours (Ze, Z^, ZT) ; not only of the total baryon num ber b u t also of various com binations of Ba nd L .It is hoped, therefore, th a t not only will they test the validity of gauge theories, b u t they will also allow one to choose betw een the different models.
All of the experim ents are very challenging, and often on the borderline o f technical feasi bility. T hey are in general based on the detection o f very rare or unusual events or processes, and have almost always to deal w ith severe background problems. It is surprising th a t they only rarely require w hat has been the most obvious tool of elem entary particle physics: accele rators of very high energy.
I review here separately experiments on neutrino mass, lepton and flavour stability, baryon stability and nucleon-antinucleon oscillations.
N e u t r in o mass
T he possibility of a non-zero neutrino mass is obviously strictly connected w ith lepton no n conservation and neutrino oscillations. T h e masses of the m uon and the tau neutrinos are still poorly known, w ith upper limits of 0.57 M eV (D aum al. 1978) and 250 M eV (Bacino al. I 979)> respectively. T he masses of the electron neutrino and the antineutrino can be obtained by carefully determ ining the high energy tail of the electron spectrum in p-decay. T h e sensi tivity of the experim ent is obviously greater when the transition energy is low. U nfortunately, for the best positron decay, nam ely 22N a -----> 22Ne + e+ + ve
(1) the transition energy is considerable (545.7 keV), and the present upper lim it at the 68% confidence level (c.l.) for electron neutrino mass is only 4100 eV (Beck & D aniel 1968) . 
( a ) T h e m easured (3-spectrum from L yu bim ov (1980, 1981). T h e --------------a n d ------------curves represent the error lim its on the neutrino mass. (6) T h e experim ental distribution o f the valu es o f the neutrino masses. T h e curves 1 and 2 refer to 0 and 35 eV , respectively.
M easurem ents of the electron antineutrino mass are based on the m ore favourable decay 3H -----> 3H e + e~ + ve
w ith a transition energy th at has been recently evaluated to be 18.567 ± 0.005 keV (Simpson 1981) . T ritium experiments have so far been perform ed mostly by m easuring the electron spectrum by means of a m agnetic spectrom eter, and by com paring the high energy tail o f the experim ental spectrum with the shape predicted theoretically for a zero neutrino mass. U n til last sum m er all experim ental results agreed w ith a zero mass, w ith up p er limits around 50 eV (Simpson 1981) . T he common belief th a t this limit, of the order o f atom ic energies, could hardly be im proved was contradicted by the result o f an experim ent m ade for m ore th an five years by the Moscow group (L yubim ov et al. 1980, 1981) . Electrons fro source o f thickness 2 pg cm -2, containing 18 % tritiu m , w ere m agnetically exam ined w ith a ro tatio n angle of 720°. T h e end spectrum is clearly inconsistent w ith zero n eu trin o mass (figure 1) and indicates an electron an tin eu trin o mass betw een 14 an d 46 eV, a t the 99 % c.l. T h e authors themselves suggest some effects th a t could have sim ulated a non-zero n eu trin o mass, w hile others have been pointed o u t by Berkvist (1980) : for exam ple, the no t com pletely correct use o f the resolution function in the electron energy, the com plexity o f the valine m olecule, an d possible system atic errors in the p aram etrizatio n o f the electron spectrum . T h ere is, how ever, no obvious effect th a t could have sim ulated the result, an d to disprove it one has to reach a sensitivity o f a t least 10 eV, w ith considerable im provem ents in the present techniques. I t is also essential to check the result w ith an experim ental a p p ro ach o th er th a n m agnetic spectrom etry. O ne approach (Sim pson 1981) consists o f the high energy im p lan tatio n o f tritiu m nuclei into a Si (Li) detector to m easure the P-spectrum directly. A n o th er ap p ro ach , suggested by A. de R u ju la (A ndersen et al. 1981) , is based on the electro e~ + (A, Z ) -----> (A, Z + 1) + Vs +
w hich occurs in a b o u t 10~4 o f all electron captures. T h e ph o to n spectrum , w hich obviously has a tan g en t a t the end equal to zero for a massless neutrino, provides a sensitive d eterm in atio n o f the n eutrino mass w hich, unlike electron spectra, is in d ep en d en t o f atom ic or m olecular effects. N uclei like 157T b , 163H o and 193Pt, w hich are o f considerable interest for low transition energy and the shape o f the photon spectrum in the high energy region, are going to be p ro duced, in view o f the experim ent by the M oscow group, a t the Isolde facility a t C E R N .
T h e relevance o f a non-zero neutrino mass in the fram e o f g ran d unified theories and cosmology has been em phasized recently by Senjanovic (1981a, M a h o p a tra & Sejanovic (1981), Steigm an (this symposium) and Ellis (this sym posium ), an d in the reviews q u oted in the In tro d u ctio n . I t will therefore not be discussed here. (Ve, e -, Pe, e+ ); (v", p-, vu, p+) ; (vT, L-vT, x+) .
L et us first consider the possibility th a t total lepton n u m b er is conserved, b u t th a t individual flavours are not. T h e separate conservation o f electron an d m uon n u m b er has been investi gated at accelerators o f the * pion facto ry ' type, w here very intense beam s o f low energy pions and m uons can be produced. No evidence for any violation o f flavour has been found, w ith impressive limits (Boehm 1980; Shenker 1981) on the b ranching ratios, w hich I rep o rt here a t the 90 % c .l.:
p+ -----> e+ + y 2 x 10-10 (Bowman 1978);
p~ ---> e+ + e~ + e+ < 1.2 x 10 9 (K orenchenko 1976);
M -4 . 3 2 g ______» e -_j_ 3 2 § --------cap ture------^ 7 x 10-11 (B adertscher 1978; Boehm 1980) . (7) A nother interesting lim it has been o b ta in e d : Badertscher 1978; Boehm 1980) . ( jx~ capture This would im ply either violation of total lepton num ber, or a different regrouping o f the lepton in the various flavours.
An interesting lim it on a similar process has been obtained recently w ith the reaction
capture by searching for 127Sb with radiochem ical techniques.
T he sensitivity of experiments on reactions (5) and (9) is going to be im proved by two orders of m agnitude in the near future at Los Alamos and Sin, respectively.
Experim ents have also been m ade on the validity of the m ultiplicative law, w hich w ould im ply separate violation of electron and m uon num ber, while their product w ould be con served. This allows reactions forbidden by the additive law, like
and Vp + e------> p-+ ve,
which have been investigated recently a t Los Alamos (Willis al. 1980 ) and a t C ern (C H A R M 1980), respectively, with the following results:
-> e+VgVv we r ------> fl~ve < 0.09 (9 0 % C.I.).
Vt,e -1 < c v T he ' classical ' way to search for violation of the total lepton num ber is the process o f double P-decay, which has been proposed by G oeppert-M ayer (1935) , im m ediately after the Ferm i theory of weak interactions. Let us suppose th a t a nucleus (A, Z) is stable for single P-decay to (A, Z + 1) owing to energy conservation or because this process is strongly hindered by large changes in the spin-parity state. Double P-decay can then occur in principle in two channels
(A, Z) > (A, Z + 2) + 2 e~.
T he latter process, which obviously implies lepton non-conservation, and therefore M ajo ran a neutrinos, would be strongly enhanced, w ith respect to the former, by the m uch larger available phase space.
I do not enter here into a detailed description of the various experim ents m ade so far (Fiorini 1977; W u 1981) or on the various theories th a t have been constructed in the ' pre-gaugean ' (Bryman & Picciotto 1978) or 'g au g ean ' eras (Vergados 1980; Prim akoff & Rosen 1981) . I ju st add a few comments on this very interesting topic.
T he first concerns the experim ental approach, which can be either of the ' geological ' or o f the 'd ire c t' type. T he former consists o f the radiochem ical investigation of a rock containing the (A, Z) nucleus for ' abnorm al ' isotopic abundance of the ' g ran d d au g h ter ' nucleus (A, Z + 2). This m ethod is very powerful and it has resulted in the only unam biguous evidence for double P-decay (for 82Se, 128T e and 130T e).
I t is, however, impossible to discrim inate directly by geological m ethods betw een twoneutrino and neutrinoless decays, and h a rd to exclude the possibility th a t the ab n o rm al ab u n d ance of the g ran d d au g h ter nucleus could have been produced by processes o th er th a n double P-decay, e.g. interactions of cosmic rays and o f solar neutrinos. Conversely, p a rt o f the g ran d d au g h ter nucleus, always a gas, could have escaped d uring hy d ro th erm al alterations of the rock. For this reason the most interesting of these results is, in my opinion, the one o b tained w ith the contem porary m easurem ent o f the isotopic ab u n d an ce o f 128X e an d 130X e produced by double P-decay of the corresponding isotopes of tellurium (H ennecke 1978) . Since the transition energies, for double P-decay of 128T e and 130T e are very different, and since therefore the theoretically determ ined rates depend strongly on the tw o-neutrino an d neutrinoless hypothesis, the experim ental ratio 128T e / 130T e ---( 1.57 ± 0.10) x 103
( 16) can be usefully com pared w ith theory. U nam biguous evidence for neutrinoless double P-decay could, however, be obtained in experim ents based on ' direct ' m easurem ents (with scintillators, solid-state detectors, discharge and cloud cham bers etc.), w here the sum o f the two electron energies can be m easured to search for the peak expected w hen no neutrino is em itted. No experim ent so far has shown evidence for any type o f double P-decay (Fiorini 1979s; Boehm 1980; W u 1981) , w ith the exception of the cloud cham ber experim ent by the Irvine group (M oe & Low enthal 1980), w here tw enty candidates for tw o-neutrino double p-decay of 82Se have been detected. T h e authors cannot, however, exclude the possibility th a t this sam ple could be due to radioactive background. M oreover, the obtained rate for double P-decay w ould be m ore th a n ten times th a t found by geological methods.
M y second com m ent concerns the way double P-decay is evaluated theoretically. T his process, in the neutrinoless channel, has been taken by Pontecorvo (1968) as a direct first-order transition w ith AL -2 and AS -0. M ost o f the gaugean and pre-g tre a t double p-decay as a second-order sequence o f two single P-decays. N eutrinoless double P-decay is then m ediated by a virtual neutrino em itted by a nucleon and absorbed by an o th er in the same nucleus. T he rate is calculated by closure, and found to be proportional to the square of the inverse of the average distance betw een the two nucleons, w hich is roughly taken as equal to the nuclear radius. I t has, however, been suggested (P rim akoff & Rosen 1972; H alp rin et al. 1976 ) th a t the virtual neutrino can be exchanged betw een two quarks o f a resonance present in the nucleus, leading to decays like n -----> e-+ e~ + A2+,
and A~-----> p + e-+ e-.
T h e rate would then be proportional to the inverse o f the square o f the radius o f the nucleon, and therefore m ore th a n ten times th a t in the 6 tw o-nucleon ' m echanism . I have, however, to point out th a t resonances have been proved to be present in a small percentage inside the nuclei. T he resonance contribution therefore seems small, and sometimes even negligible, at least in the tw o-neutrino channel (Doi et al. 1981a , I t has prob im p o rtant by Prim akoff & Rosen because they have taken average squares o f the nuclear m atrix elements for the two-nucleon mechanism , w hich are in general too small (by an order of m agnitude). O ne has to note th a t nuclear m atrix elements have been calculated in detail only in a few cases (Fiorini 1977; V ergados 1976; H axton al. 1980 . M y third com m ent refers to the possibility of investigating double { 3-decay to an excited state of the (A, Z + 2) nucleus. U ntil a year ago all calculations on double { 3-decays have been m ade for the 0+-0+ transition between the ground states of the (A, Z) and (A, Z + 2) nuclei, w ith the only com m endable exception being the work by M olina & Pascual ( i 977)* O nly recently have Rosen (1981) and Doi et al. (1981a, considered, in the gaugean theories, transitions from the 0+ ground state o f the p aren t nucleus to excited states o f the g ra n d daughter nucleus (the first excited level is always a 2+). T h e 6 m inim al ' conditions for the existence of neutrinoless double { 3-decay are either a massive neutrino w ith the norm al lefthanded currents, or a zero-mass neutrino with a small adm ixture of right-handed com ponents. Neutrinoless decay to the 2+ state can occur only via the latter channel, and can therefore be used to discrim inate between the different models of lepton num ber non-conservation, as will be considered later. Double { 3-decay to an excited nuclear level, w hich then decays w ith emission of a y-ray, is experim entally appealing. It has, however, been investigated until now only by the M ilan group, who have set an upper lim it of 3 x 1021 years (at 68% c.l.) for neutrinoless double P-decay of 76Ge to the 2+ excited state of 76Se at 559 keV (Fiorini 1977) . V arious experi ments have been suggested on double p-decay to excited nuclear levels (Fiorini 1978) , and one of them , on the decay of 150N d to the 2+ excited state of 150Sm a t 334 keV, is presently being m ade with a Ge(Li) set-up installed in a laboratory in the M ont-Blanc tunnel (figure 2). U ntil now there has been no evidence for tw o-neutrino or neutrinoless double P-decay to this excited level, with a lower lim it on the half-life of 2 x 1018 years, a t 68 % c.l.
T he last rem ark concerns the com parison betw een experim ental results an d theoretical predictions. In the ' pre-gaugean ' era the neutrino mass was taken as zero, and the negative results of direct experiments, as well as the positive results of geological experim ents (totally attributed to the tw o-neutrino channel), were used to obtain limits on the lepton non-conserving p aram eter. Lim its of 10~3 to 10~4, strongly dep en d en t on the nuclear m atrix elem ents, w ere found in this way.
T h e most detailed predictions based on gauge theories have been recently given by Doi et al. (1981st, b) .They have taken into account the tw o-nucleon and resonance m echanism s for decay both to the ground and to various excited states. T hey have found th a t tw o-neutrino double P-decay occurs in general m ainly via the tw o-nucleon m echanism and via the 0+-0+ transition. T h e left-handed-current massive neutrino co ntribution to the neutrinoless channels occurs, m ainly via the tw o-nucleon m echanism , in the 0+-0~~ transition, since decays to excited levels are forbidden. O n the contrary, the zero-mass rig h t-h an d ed -cu rren t co ntribution is considerably affected by the 0+-2+ channel and by the resonance contributions. Since their theoretical predictions for the tw o-neutrino decay seem inconsistent w ith the experim ental ratio of the lifetimes of 128T e and 130Te, given in reaction ( 16) (Pontecorvo 1958; Bilenki & Pontecorvo 1978; Boehm 1980; Rosen & K ayser 1981; B arger al. 1980; Barger 1981) . O scillations betw een electron-m u o n , electron-tau and m uon-tau neutrinos are not necessarily equivalent, and the existence o f one or an o th er can be used to discrim inate betw een different models (Bilenki & Pontecorvo 1981) . I f we lim it our considerations to oscillations betw een two neutrino flavours only, for instance electronic and m uonic, the corre sponding fields can be considered as com binations of two M ajo ran a neutrinos w ith finite masses m1 and m2, respectively, ve -vx cos c v2 sin
w here a is the m ixing angle. An initially pure electron neutrino (antineutrino) beam w ould then contain a t a distance Df rom its origin a m uon neutrino (antineutrino) im purity o intensity
w here Di s in m, Ei n M eV and Alepton-num ber-violating description would lead also to p article-an tip article oscillations.
Oscillation experiments search either for a loss o f neutrinos of the * rig h t' flavour, or for the appearance of neutrinos of the 'w ro n g ' one. T he sensitivity o f the experim ent is given by two p aram eters:
(a) the precision w ith which the im purity P can be d eterm in ed ; (b) the experim ental factor D /E , nam ely the ratio o f the distance of the source and the neutrino energy.
T he experim ental result can be interpreted by two extrem e hypotheses: (a) Large A -values. T he cosine value is averaged to zero, and P gives a value o f th angle.
{b) Low
A -values. A non-zero cosine value, or a lim it on would involve both and m ixing angle.
N eutrino oscillations can, and have been, studied by a t least five different experim ental approaches.
.1. Solar neutrinos
T he Sun represent a very intense source o f electron neutrinos, and a series of experim ents by F. Davis et al., based on the reaction
indicates an interaction rate, and therefore a neutrino flux, well below the theoretical estimates. T he present experim ental value (Cleveland et al. 198 where one n.s.u. corresponds to 10-36 neutrino captures per target nucleon per second, w hile the most recent theoretical predictions are larger by a factor o f three to four (Bahcall 1980) . This discrepancy cannot yet be taken, in my opinion, as evidence for neutrino oscillations am ong the various neutrino flavours, since theoretical prediction are strongly m odel dependent. M oreover, reaction (23) is only sensitive to the high energy p a rt of the solar neutrino spectrum . To reach a firm conclusion, one has to w ait for the new experim ents on different neutrino targets, like those on the reaction ve + 71G a ----» e-+ 71Ge,
where the sensitivity to lower energies allows one to cover a m uch larger fraction o f the solar neutrino spectrum . Considering the two ' sensitivity param eters ' and one notes th at, while the average ratio D /E is very large {ca. 1011 m M eV "1) in solar neutrino experi badly determ ined, owing to our poor knowledge of the neutrino flux.
.2. Neutrinos from power reactors
Power reactors provide very intense beams of electron antineutrinos, which are produced at a rate of about five per nuclear fission. T heoretical calculations o f the energy spectra are very difficult, since a large fraction of the decay schemes of fission products are unknow n. M oreover, contributions by 235U, 238U and 239Pu are very different (figure 3).
U ntil a year ago all results on low energy neutrinos were obtained in experim ents a t the Savannah R iver Plant, a m ilitary reactor of 1.8 G W total power, w ith a flux o f 2 x 1013 ve cm -1 s-1 a t 11 m from the centre of the core. A process th a t can be used to investigate neutrino oscilla tions is ve + p ■ > e+ + n,
w here the e+ was detected through its two annihilation y-rays, an d n by a suitable doping o f the hydrogen-rich scintillator w hich acts also as a neutrino target. A possible lack of events in previous experim ents (Sobel 1980 ) a t 6.5 and 11.2 m from the reacto r core has been repbrted, b u t could not be used as evidence for neutrino oscillation owing to uncertainties on the n eutrino flux.
E s M e V
F ig u r e 3. C ontributions o f (a) 239Pu, ib) 235U and 238U to the reactor an tin eu trin o spectrum .
M ore recently an experim ent was done a t 11.2 m from the reactor core (Reines al. 1980 ) on the charged and neutral current reactions
T h e ratio betw een these two processes is independent o f the neutrino flux, b u t strongly depen dent on the ve vx oscillations, w hich would suppress the charged cu rren t com ponent leaving practically unaffected the neutral current one. T h e experim ental value of the ratio betw een the two reactions, obviously corrected for detection efficiency and background, was found to be definitely lower (by 3 and 2.7 standard deviations) th an the one predicted theoretically on the basis of the neutrino spectra calculated by Avignone, and Davis and Vogel, respectively. This result stim ulated various theoretical discussions (R aychauduri 1980a, Silverm an & Soni 1980) and critical rem arks (Feynm an & Vogel 1980; D ar 1980) . C onsiderable atten tio n was therefore focused on a new experim ent m ade by the C .I.T .-G ren o b le-M im c h e n collabo ration a t the IL L reactor in G renoble, w here the neutrino intensity is lower (9.8 x 1011 ve cm -1 s-1 a t 8.76 m from the centre of the core), b u t w here one can profit from the typical advantages o f an experim ental reactor (a very small core, fuel m ade only by 235U , b etter shielding, etc.). T h e experim ent was m ade on the inverse fl-decay reaction (24) w ith a detector m ade by 30 slabs of hydrogen-rich scintillator to detect the y-rays from positron annihilation, interleaved with 3H e cham bers to detect the neutron (figure 4).
T he obtained spectrum is in good agreem ent w ith theoretical predictions in the absence o f oscillations (Boehm et al. 1980; K w on et al. 1981) , at least for the neutrino energy distribution obtained by Davis and Vogel. O ne has, moreover, to point out th a t the same collaboration has measured experim entally (Schreckenbach et al. 1981) exposed to a therm al neutron beam a t the same reactor, finding a result in good agreem ent with the prediction for this spectrum m ade by Davis and Vogel. T h e com parison betw een the two experim ental results is shown in figure 5 . I conclude that, if one takes into account the still existing uncertainties in the evaluation o f the flux, the obvious experim ental difficulties connected w ith the low rate of events and the large background, and the low and not well known detection efficiency, there is a t present no real disagreem ent between these two results, and, a t least a t the m om ent, no real evidence for neutrino oscillations. It is indeed fortunate th a t two new experim ents are planned a t the Savannah R iver Plant, one a t a fixed distance of 15.5 m and another a t a distance variable between 12 and 35 m , and th a t a new search at t going to be done, by the C .I .T .-M unchen collaboration at a 2.7 G W reactor.
Oscillation experiments at pion factories
Experim ents at pion factories exploit the very intense beams of low energy pions produced by dum ping proton beams on thick dense targets (figure 6). Since the are absorbed, the following decays occur, if the additive law is v a lid :
-----> e+ + ve + v
T he only experim ent on oscillations m ade so far is the one by N em ethy al. (1981) at LA M PF, with a 6 m 3 Cherenkov detector, shielded with drift cham bers against cosmic rad iatio n (figure 7).
Tw o reactions have been studied to reveal either a lack o f electron neutrinos, or the presence o f electron antineutrinos, w hich w ould both im ply electron n eu trin o oscillations. By filling the detector w ith DoO, the ratio R ' = ve/v , -1.09{ ± ® (29) was found for the reaction (1 9 7 9 ).
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while, by filling the detector with w ater, a ratio R = 0.0001 ± 0.061 (31) was found for the reaction ve + p -----> e+ + n.
T he errors in reactions (29) and (31) include statistical and systematic errors. T h e d ram atic change of counting rates when the filling is changed from D aO to w ater can be seen in figure 8 a, b.
T he 90 % c.l. limits on oscillation are, for m axim um mixing, < 1.75 eV 2 and < 0.91 eV 2, from reactions (30) and (32) et al. 1981st , the vT neutrino interacts in the cham ber, producing a ta u lepton w hich is know n to decay into an electron w ith a branching ratio of 2 0 % , sim ulating an electron neutrino event. Lim its o f 6 eV 2, 3 eV 2 and 3.2 eV 2 have been obtained, respectively, for m axim um m ixing. A n a lter native approach for obtaining the same lim it has been taken by R ondo (1981), who searched directly for x leptons produced by a high energy neutrino beam in a nuclear emulsion, w here the short decay lengths o f these leptons can be observed and eventually m easured. A lim it of A< 3.5 eV 2 a t 9 0 % c.l. has been obtained. O th e r experim ents are o f the ' missing n e u trin o ' type, nam ely on vu(ve) vx oscillations, w here the vx are not seen : they are in some ways sim ilar to, b u t obviously a t m uch higher energies th an , those a t nuclear reactors. Limits on the ve ^ vx oscillations o f 55 eV 2 and 10 eV 2 a t m axim um m ixing have been obtained a t 9 0 % c.l. by D eden et al. (1981) and by Armenise al. (1981st) r A result th a t is difficult to interpret, w hich could imply neutrino oscillations, has been obtained in the C ern beam dum p experim ents, w here a 400 G eV proton beam was dum ped in a copper target to investigate neutrinos produced 'p ro m p tly ', very probably by the decay of charm ed particles. I t is expected th a t the electron and m uon com ponents of these neutrinos, after subtraction of the background of * norm al ' neutrinos produced by pion and kaon decay, will be the same. O n the contrary, the ratio betw een electron and m uon ' p ro m p t ' neutrinos was found to be 0. to the way in which the background was subtracted (Boehm 1980 ). This could be taken as evidence for neutrino oscillations, b u t some care should be devoted to the large errors, the possibility of other systematic effects, even in the background subtraction, and also to the fact th a t the neutrino sources are not perfectly known.
Various experiments specially dedicated to neutrino oscillations have been proposed a t different accelerators. A search is being planned a t Brookhaven (Sourkas et al. 1978; M an n 1981) , where the A .0 .8 . accelerator would be ru n a t an energy o f 800 M eV only, equal to the energy a t Los Alamos, and the average energy o f the focused neutrino beam w ould be around 100 M eV. T he detector, constructed for the Brookhaven neutrino experim ent, consists o f 32 planes of scintillator, interleaved w ith 31 drift cham bers w ith a total mass o f 172 t.
T hree experiments at higher proton energy ( (ca. 100 m) to, the other 'fa r' ( c a .900 m) from t some extent com plem entary: the C .D .H .S. one has a larger mass 1000 t for the 'f a r ' position), but poorer granularity (iron plates 5 cm thick or more, interleaved w ith scintillators), while C H A R M presents a better granularity (m arble slabs 8 cm thick interleaved w ith drift cham bers and lim ited stream er tubes), b u t only 135 t for the 'f a r ' detector. Lim its o f betw een 0.25 eV 2 and 0.34 eV 2 for m axim um mixing, and o f sin2 2a < 0.1 for large are expected. A t m uch higher energies a sim ilar proposal has been subm itted to Ferm ilab by the C .I .T .-R ockefeller-Ferm ilab-C olom bia collaboration (Shaewitz 1981). I t is based on the use o f two detectors at 650 and 1200 m from a target exposed to 400 G eV protons. A nother proposal o f the 'missing n e u trin o ' type has been subm itted to Cern by the C ern -Im p e ria l C o llege-O xfordAnnecy collaboration (G rant et al. 1981) , w hich is also based on the 960 m from the target, and the other placed 17 km from the targ et behind the J u r a m ountain. T he two detectors would be m ade by fine-structure calorim eters followed by dipoles to analyse m agnetically the outgoing penetrating charged particles. A sensitivity o f 0.15 eV 2 should be reached at m axim um mixing. A sim ilar experim ent a t Ferm ilab has been suggested by Cline (1980^).
Atmospheric neutrinos
Searches for oscillations o f atm ospheric neutrinos have been suggested by various authors (see for instance Cline (1980a)) and can profit from the large underground detectors presently being constructed to investigate nucleon stability ( § 5). A tm ospheric neutrinos are generated by pions, kaons and m uon decays and are composed a t the surface of the E a rth by electron and m uon neutrinos, in proportions one and two thirds, respectively. N eutrino oscillations could produce a t large depths either a change in these proportions due to v^ -* ve oscillations, or a lack o f m uon or electron neutrinos due to v^(ve) -*■ vx oscillations. A possible lack o f m uon neutrinos was in fact suggested by . A nother effective m ethod w ould be to investigate the u p -dow n asym m etry o f atm ospheric m uon neutrino events (Cline 1980a; B arger 1981) . I f oscillations occur, the 'u p ' com ponent being filtered by the E a rth (figure 10) should be considerably lower th an the 'd o w n ' one.
a tm osp h ere -so u r c e o f v" c o s m ic ra y s E a r th F ig u r e 10. T h e use o f an u nderground detector to d etect oscillations o f atm osp heric n eu trinos (C line 1980 a). T h e ratio o f the fluxes o f ve an d Vp is m easured as a function o f the d istance from the source.

N u c l e o n d e c a y
As pointed out in the Introduction, the problem o f nucleon stability, although experim entally investigated since 1954, has becom e a 'h o t' topic only recently owing to cosmological considera tions and to the predictions of sometimes beautiful gauge theories. I t is indeed u n fortunate th a t the help th a t experim entalists receive from theory is still scarce. T hey do not know a priori if they have to design a larger or sm aller (and therefore m ore or less expensive) detector, since nucleon decay lifetime is predicted w ithin only two orders o f m agnitude. M oreover, since theoretical evaluations of the branching ratios of the various decay channels are also ra th e r uncertain, the experim entalist receives very lim ited hints on the detecting properties he has to request to his set-up.
T h e only m ethods totally independent o f the type of decay are those based on radiochem ical inspection for radioactive residues left by nucleon decays in a geologically old sam ple o f rock. Steinberg & Evans (1977) , for instance, have suggested the spontaneous decay o f a proton in 39K , since the 38A r so produced has a 20% probability of giving rise to 37Ar. This nucleus, w hich decays w ith a lifetime of 35 days, can be searched for by the same m ethods as used to reveal the reaction (22) produced by solar neutrinos ( § 4 . 1). A lower lim it of 1026 years on proton decays was set w ith this m ethod (Firem an 1977 (Firem an , 1979 . O ne could also, w ith the same geological m ethods as used for double P-decay ( § 3), search in a rock containing the (A, Z) nucleus for abnorm al isotopic abundance o f the (A-1, Z) and (A -1, Z -1) isotopes as a consequence o f neutron or proton decay, respectively. M uch better limits on nucleon decay in specific channels can, however, be obtained by very massive and heavily shielded set-ups used both as source and as detector of nucleon decay. T he results obtained so far refer only to ' non-dedicated ' experim ents, m ade in laboratories deep underground, to investigate the penetrating com ponent of cosmic rays. T h e most sensitive of these experiments has been m ade for m ore th an three years by the C ase-W itw atersran dIrvine collaboration (Reines & Crouch 1975) A nother non-dedicated experim ent is being m ade by the Pennsylvania group a t the H om estake L aboratory (South D akota) placed a t 4400 m.w.e. (Deakine al. 1980) . T h e set-up shown in figure 11 consists in 36 Cherenkov modules of 2 x 2 x 1.2 m 3 w ith 34 liquid scintillators in anticoincidence to reduce the background of cosmic ray muons.
T he apparatus detects the typical m uon-electron signature and is therefore sensitive to all nucleon decays th a t produce a m uon directly or indirectly (for exam ple by a pion decay). No evidence for nucleon decay was found, with an up p er lim it w hich is a t present (Steinberg 1981) 1.2 x 1030 years. Some results obtained in an old non-dedicated experim ent in the K o lar Gold Field L aboratory will be discussed, together w ith the result of the new K olar Gold Field experim ent, later in the paper.
T h e dedicated experim ents on nucleon decay currently being installed or planned are based on two different approaches: the c a l o r i m e t r i c, w here the source consists o f plates o f m aterial, interspaced w ith detecting planes (figure 12), and the , w here the high speed secondaries of nucleon decays in a pool o f w ater are detected through their Cherenkov light by m eans of a large num ber of photom ultipliers (figure 13). 
.1. The background
Before entering into a discussion of the various experim ents I consider briefly the problem o f background radioactivity, which is always relevant in nucleon decay experim ents, even w hen they are placed deep underground. T here are at least four com ponents of it: n a tu ral radioactivity, cosmic ray muons, neutrals from the rock, and atm ospheric neutrinos.
T h e radioactivity in underground caves is usually higher (a few times) th a n th a t in norm al laboratories a t sea level, m ainly owing to the 235U , 238U and 232T h chains in the rocks. I t does not sim ulate nucleon decay since the energy of y-rays, and even of neutrons produced by spontaneous fission in the rock, rarely exceeds a few m egaelectronvolts. In a big detector, however, the counting rate could be considerable and require im proved triggering techniques or some shield around the set-up, or both.
Cosmic ray muons produced by pion and kaon decay in the atm osphere are strongly sup pressed at large depths (Crouch et al. 1978) , w here their angular distribution is s around the vertical. They m ay represent a source o f background radioactivity in nucleon decay experiments either directly, or indirectly, owing to the neutral particles produced by their interactions in the rock. T heir intensity does not depend only on the vertical thickness, b u t also on the shape of the m ountain above the laboratory. I have calculated roughly the rate of muons entering a cube of side 10 m, taking into account, w hen available, the shape o f the m ountain. T he results are given in table 1. et al. 1980) , w hich has recently been found to be in very good agreem ent w ith the experim ental results (M iyake et al. 1981) . T he values in table 1 should be correct to w ithin a factor o f two, and agree, w ithin this lim it, w ith sim ilar calculations m ade by Perkins (1979) .
Interactions in the detector of neutrons and kaons produced by m uons in the rock an d u n accom panied by charged particles entering contem porarily into the set-up can in principle sim ulate nucleon decays. T here are no m easurem ents on these high energy neutrals whose ra te should, however, range betw een 10-3 and 10-4 times th a t for the m uons entering the ap p aratu s (Perkins 1979) . T h eir background should therefore be lower th a n the unavoidable one due to atm ospheric neutrinos a t depth of m ore th a n ab o u t 4000 m.w.e.
N eutrinos can come from the Sun, from gravitational collapses and from the decays o f muons, pions and kaons produced by high energy cosmic ray interactions in the atm osphere. T h e first two sources o f neutrinos do not represent a problem for nucleon decay experim ents, since their energy is o f a few m egaelectronvolts or o f a few tens of m egaelectronvolts, respectively. In fact, the study o f neutrinos from gravitational collapse could represent a very interesting subproduct o f experim ents on nucleon stability.
T h e rates o f events induced by atm ospheric neutrinos, w hich could represent the u ltim ate lim it to experim ents on nucleon decay, have been calculated in some detail (Fiorini 1980) and are a t present being studied experim entally by the N U S E X collaboration. L et us recall here only th a t their flux is m ainly (6 5 % ) horizontal an d th a t, unlike accelerator neutrinos, th eir electronic com ponent is as large as 3 0 % . T h e expected neutrino event rate is ab o u t 0.3 in te r actions per tonne per year, of w hich alm ost two thirds are m uonic, and m ore th an a th ird muonless (electric charged current events, and electron and m uon n eu tral cu rren t events). M ost (60-7 0 % ) o f the m uonic events consist o f a single m uon accom panied by low energy hadrons th a t are not detected in most o f the planned experim ents. O nly ab o u t 3 0 % o f all events have a visible energy above 500 M eV , and only 10% o f the total rate is accounted for by events w ith a visible energy com patible w ithin 20 % w ith th a t o f nucleon decay. A fu rth er suppression o f this background can be accom plished by an inspection of the kinem atical features o f the events, and is a t present being studied experim entally a t C era by the N U S E X collabo ration. I t seems, however, a t least to me, very difficult to reach w ith the present techniques sensitivities on proton decays m uch larger th a n 1032 years. T h e set-up consists of 3456 proportional tubes w ith iron walls of 1.5 m m thickness inside a special type o f concrete (taconite) th a t is available on site and contains a considerable percentage o f iron (average density of about 3 .3). T he set-up w ith a total mass of ab o u t 30 t, is due to start operation soon, and is m ainly intended as a test ap p aratu s in view of the planned con struction, together w ith the O xford group, o f a 1000 t detector to be installed in the same mine.
Experiments with calorimetric methods
T he N U S E X experim ent, proposed by the Frascati, M ilano and T orino groups (Battistoni et al. 1979 a)is at present being constructed in collaboration w ith C ern, and is to be m ounted in a laboratory placed in the M ont-B lanc tunnel betw een Italy and F rance (figure 2) at a depth of m ore than 5000 m.w.e. (Fiorini 1979 b).
T he set-up consists of a cube of side 3.5 m m ade of iron plates 1 cm thick interspaced w ith planes of limited stream er tubes of length 3.5 m and section l x l cm 2. This technique, recently developed in Frascati (Battistoni et al. 1979 a highly quenching m ixture (e.g. 75 % isobutane, 25 % argon) and an anode wire of large diam eter (50-100 pm ), to lim it the discharge to a region of a few millimetres inside the tube. T he principle of the N U S E X detector is to use the high tension wire ju st to produce the discharge in a plastic tube varnished inside w ith graphite acting as cathode. T he pulse is then collected by a system of X -Y two-dim ensional strips ( figure 15 ). T h e total mass o f the detector is 156 47 000 wires and 94 000 readout channels. T h e resolution in energy is approxim ately +20% for the 7t°e+ decay, but obviously better th an this for all the decays w here charged secondaries stop in the detector. 
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To test the system a reduced-scale detector of 3.5 x 1 x 1 m 3 has been built and exposed at Cern to pion and electron beams of m om enta ranging from 150 to 2000 M eV /c. T he two views of a pion and electron track are shown in figures 16 and 17 respectively. T h e larger h it m ultiplicity in the F-view is due to the fact th a t the strips are orthogonal to the wires. T he model has also been exposed a t C ern to an unfocused neutrino beam obtained by d u m p ing 10 GeV protons on a 60 cm long, 1 cm diam eter berillium target. T h e spectrum o f these neutrinos is in fact almost exactly the same as th a t of atm ospheric neutrinos. U ntil now about 400 neutrino events have been observed w ith the neutrino beam orthogonal to the iron p la te s; about the same num ber are going to be collected a t an incident angle of 45°. Some o f these events are shown in figure 18 .
T he only dedicated nucleon decay experim ent running at present is th a t of the T a ta -O sakaTokio collaboration in the K olar Gold Field L aboratory at a depth of 7600 m.w.e. (K risnasw ani et al. 1980) . T he detector (figure 19) consists of 34 planes of iron proportional counters o f section 10 x 10 cm 2 and w ith walls 2.2 mm thick, m ounted in alternative layers and interleaved w ith iron plates 1.3 cm thick.
T h e total and fiducial masses are 140 an d 100 t, respectively. T h e planes totalling 1600 tubes are operated in fivefold coincidence o f any five layers, to avoid spurious counting due to radioactivity (30 and 10 counts per second for the external and in tern al tubes, respectively). T h e ap p aratu s has now been operated for 5 m onths, and 223 m uons have been found crossing the detector (M iyake et al. 1980) , one m uon stopping inside, a m ultiple-m uon event (b eau ti eight horizontal m uons from neutrino interactions in the rocks, three neutrino interactions inside the detector and three events th a t these authors do not in te rp re t as neutrino or m uon interactions and w hich could therefore be candidates for nucleon decay. Tw o sim ilar events w ere found in a preceding non-dedicated experim ent. O ne has, however, to point ou t th a t none o f these events is totally confined in the detector and th at, also owing to poor g ran u larity , one has to w ait new events and the results o f b etter g ran u larity experim ents (like N U S E X ) to establish clearly the origin of these undoubtedly interesting events.
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Fi g u r e2 0. T h e Irvin e-M ich ig a n -B ro o k h a v en d etector.
. Experiments based on the Cherenkov light
Tw o Cherenkov detectors, in addition to the H om estake set-up already described, are currently being built, both in the U .S.A .
O ne o f them , for the H a rv a rd -P u rd u e -Wisconsin collaboration, is going to be m ounted in the Silver K ing M ine near Park City, U tah , at about 1700 m.w.e. (Blandino al. 1980; Cline 1980; Wilson 1981) . T he detector, whose design has been changed recently, consists of a cylindrical w ater tank w ith vertical axis, 11.3 m in diam eter and 7 m high, containing photom ultipliers m ounted inside (and not on the walls) the active volum e about 1 m ap art. A veto counter m ade of drift tubes is going to be placed around the w ater tank to reduce the effect of atm ospheric muons, w hich are expected to cross the detector at a rate of ab o u t 1 per second. T he detector o f total mass 760 t is expected to become operational a t the end of this year.
T he largest detector on nucleon decay is being built by the Irvine-M ichigan-Brookhaven collaboration (G oldhaber et al. 1980; V an der V elde 1980; Sinclair 1981) in the M o M ine (Ohio) at 1670 m.w.e. It consists of a pool of 22.5 x 17 x 18 m 3, excavated in the salt and lined w ith two thick sheets of plastic to be filled w ith highly purified and continuously filtered water. T he Cherenkov light will be detected by means of 2048 photom ultipliers (figure 20) immersed in the w ater near the walls. T he tim e resolution of this experim ent (5 ns) should allow the determ ination of the position of the origin of an event inside the active volum e w ith a precision of about 1 m. T he background problem s of this detector are considerable: it is exposed to about three muons per second, and to a considerable num ber of neutrals produced by m uons in the rock. For this reason the external region of the active volum e is going to be used as an anticoincidence layer of a thickness to be decided w hen the detector becomes operational (at the end of 1981). T he final fiducial volum e will range between 1600 and 4000 t.
. Experiments currently being planned
Various other nucleon decay experim ents have been designed and are under consideration by the national funding authorities. A 1.5 kt calorim eter has been proposed by the O rsayPalaiseau-Paris-S aclay collaboration, to be ru n in a laboratory situated in the Frejus tunnel between France and Italy at a depth of about 4000 m.w.e. (Bareyre al. 1980) . I t w ould consist of a sandwich m ade by iron plates 3 mm thick interspaced w ith flash cham bers 5.5 m m thick of the type developed by M. Conversi (Conversi & Federici 1978; C eradini al. 1978; Conversi & Lacava 1979; Conversi 1980) . T he trigger will be provided by 200 planes of Geiger counters. T he readout system has not yet been finalized and three options are being considered: optical readout w ith film or w ith video cam eras, and m agnetostrictive readout.
A similar proposal for a second-generation experim ent has been subm itted to the Ita lia n authorities ( Two proposals have been subm itted to funding authorities in J a p a n . O ne, by the K E KTokio-Tsukaba collaboration 1981, is based on the construction of a cubic w ater C herenkov detector of 14 m side viewed by very large, recently built photom ultipliers of 50 cm in diam eter. T he other, by the K E K -O saka-Tokio collaboration, consists o f the construction of a calori m eter with iron plates 5 m m thick interspaced w ith planes of flash cham bers. T h e trigger will be provided by scintillators or m ulti wire proportional cham bers. Masses of 600 and 1200 t are considered for the first-and second-generation experim ents respectively.
Plans for nucleon decay experiments are also being considered in the Soviet U nion (G oldhaber 1980; W einberg 1981a).
6. E x p e r im e n t s on n u c l e o n -a n t i n u c l e o n o s c il l a t io n s N ucleon-antinucleon oscillations have been suggested by m any authors (K uzm in 1970; Glashow 1979 Glashow , 1980 M arshak & M o h ap atra 1980; Chetyskin 1980; C hang 1980) , also on the basis of cosmological considerations (Saw ada al. 1980) , to test baryon non-conservation in the specific AB -2 channel. According to these authors real neutron states of a m ixture of ' pure ' neutron and antineutron fields, and n-n oscillations could occur (Baldo Ceolin 1980a, b; Yoshiki 1980; G reen 1981) w ith a * free' neutron-an tin eu tro n oscilla 7"nn == (33) where Sab= 2i s the am plitude of the AB -2 process.
In the ideal (and unrealistic) case of free neutrons, the 're a l' particles w ould be
|n 2) = -J2.| h ) + vr2 |n )> w here mU 2) = mo ± Am, and Am « 10-22 eV. This hypothesis is, however, never verified in practice, since the E a rth 's m agnetic field (or even nuclear interactions if neutrons are not in vacuum ) causes an energy split and the neu tro n (antineutron) energies becom e equal to E0± A states becomes |n i) -cos 6 |n ) + sin |n>,
A n initially pure neutron beam o f intensity / ( n, 0) w ould therefore contain, after a tim e an n im purity o f intensity
T h e m ain contribution to A E ,at least in the experim ents p lanned so far, com effect o f the E a rth 's m agnetic field on the neu tro n (antineutron) dipole m agnetic m om ent and is ab o ut 6 x 10~16 eV. I t is therefore obvious from reaction (38) th a t the E a rth 's m agnetic field has to be strongly degaussed, for instance by m eans of a shield o f p m etal. From equation (38), m oreover, two experim ental approaches ap p ear to be possible in principle:
( a ) T ry to keep neutrons under observation for a very long time. In this case the arg u m en t o f the cosine is very large and reaction (38) becomes / ( n, 0) -0 .5 /(n , 0) (Am/AE)2.
(39)
(b)
A ccept a reasonably short observation tim e. In this case, if A is also small (quasifree neutron condition) equation (38) becomes /(n , 0) ~ /(n , 0) (Am)2*2 -/ ( n, 0) (t/tnn)2,
and the n im purity does not depend any longer on A Experim ents on n-n oscillations can in principle be m ade w ith three types of n e u tro n s: T h e only experim ent currently in operation is th a t of the C ern-G renoble-Padova-R utherford-Sussex collaboration (Baldo Ceolin 1980^; G reen 1981) T he detector, with a total mass of § t is m ade, at present, by lead plates interspaced w ith scintillators to reveal the decay products of antineutron annihilation in an energy range betw een 0.3 and 1.3 GeV. O w ing to the presence of the curved neutron guide, the set-up is not directly exposed to the reactor, and the m ain background comes therefore from cosmic rays, despite a heavy shield of iron, concrete and scintillation counters in a.c. (anticoincidence). T h e experi m ent aims to reach the lim it of 5 x 10® s for the free nucleon-antinucleon oscillation tim e, which would correspond to the present lim it of ca. 1030 years from nucleon decay experim ents.
O th er experiments w ith therm al neutrons are planned by the H arv ard -O ak R idge, Tennesse collaboration (Cohn 1981; G reen 1981) , by the Pavia-R om e collaboration, possibly in col laboration w ith the N ational B ureau of Standards (P av ia-R o m a 1980; G reen 1981), an d by LA M PF (Green 1981), while two experiments, one w ith therm al and one w ith ultracold neutrons, are planned in Ja p a n . U ltracold neutrons have in fact been proposed (Yoshiki 1980; Baldo Ceolin 1981 b) owing to their very long w avelength (of up to 1 prevents them from penetrating the walls of the 'neutron b o ttle ', w here they could therefore be kept for very long times. T here are, however, m any pro b lem s: hydrogen contam ination on the walls could w arm the neutrons up and allow them to leave the bottle, reflexion on the walls would alter the phase shift between the |n> and |n ) states, the total num ber o f neutrons th at can be kept in the bottle is very small, etc.
7. C o n c l u s io n s I conclude this adm ittedly incom plete review w ith the following considerations.
(i) T here are for the first tim e considerable hints th a t the neutrino mass m ay be non-zero. These hints have to be confirm ed or disproved as soon as possible.
(ii) No evidence has been found for violation o f any type o f lepton flavour, and very impressive experim ental limits have been set, w hich could perhaps be better exploited by theory.
(iii) Evidence has been obtained for the existence o f tw o-neutron double p-decay, b u t none yet for the neutrinoless lepton-violating process. New experim ents are p lanned and it is hoped th a t they will bring results th a t will be very relevant to the problem o f neutrino mass also. Im proved theoretical calculations are urgently needed especially on nuclear m atrix elem ents not only for a correct in terp retatio n o f the results, b u t also to address the experim entalists on the m ore prom ising isotopic triplets to be searched for double P-decay.
(iv) V arious experim ents in a wide range of energies and w ith totally different techniques are being m ade on neutrino oscillations and should tell us soon if the hints ab o u t the existence of this process from the Savannah R iver reactor represent indeed the first evidence for oscillations.
(v) T here is no evidence yet on nucleon decay, a p a rt from three candidates presented by the K olar G old Field collaboration. These unusual events have to be found also in the larger and finer-grain detectors currently being built, which should be capable o f providing an u n am biguous interpretation.
(vi) N e u tro n -a n tin e u tro n oscillation experim ents could be very useful in association w ith those on nucleon decay to clarify the n atu re o f baryon-violating processes.
(vii) N one o f the experim ents reported in this review requires specifically very high energies. This could perhaps represent a refreshing low energy pause in the ru n tow ards m ore and m ore powerful accelerators.
(viii) Some o f these experim ents are very cheap, others are not, b u t very rarely are they as expensive as those w ith the high energy m achines. O n the contrary, they are always on the lim it o f technical feasibility and require considerable experim ental ingenuity and im agination.
(ix) M ost o f these experim ents require a good knowledge o f subjects o ther th an elem entary particle physics, like astrophysics, geology, nuclear and reactor physics, low tem p eratu re physics and optics. This is very appealing for an experim entalist: it w ould be w onderful if the present experim ental and theoretical efforts bring not only unification of strong and electroweak forces, b u t also some type of ' unification ' in the experim ental approach and in the use o f different techniques to reach the same goal. This paper is dedicated, w ith gratitude and sorrow, to the m em ory of C arlo F ranzinetti, an outstanding physicist, a devoted teacher and a dear friend. 
